Abstract: Quantum technologies based on photons will likely require integrated optics architectures for improved performance, miniaturization and scalability. We demonstrate highfidelity silica-on-silicon integrated optical realizations of key quantum photonic circuits. Quantum information science has shown that harnessing quantum mechanical effects can dramatically improve performance for certain tasks in communication, computation and measurement. Of the various physical systems being pursued, single particles of light -photons -are often the logical choice [1] . In addition to single photon sources and detectors, photonic quantum technologies will rely on sophisticated optical circuits involving highvisibility classical and quantum interference. Already a number of photonic quantum circuits have been realized for quantum metrology, lithography, quantum logic gates, and other entangling circuits. However, these demonstrations have relied on large-scale (bulk) optical elements bolted to large optical tables, thereby making them inherently unscalable and confining them to the research laboratory. In addition, many have required the design of sophisticated interferometers to achieve the sub-wavelength stability required for reliable operation. In this paper we report the implementation of quantum optic integrated circuits, which not only dramatically reduces the footprint of quantum circuits, but allows unprecedented stability and control of the optical path length; this reveals the possibility for realizing previously unfeasible large scale quantum circuits.
Quantum information science has shown that harnessing quantum mechanical effects can dramatically improve performance for certain tasks in communication, computation and measurement. Of the various physical systems being pursued, single particles of light -photons -are often the logical choice [1] . In addition to single photon sources and detectors, photonic quantum technologies will rely on sophisticated optical circuits involving highvisibility classical and quantum interference. Already a number of photonic quantum circuits have been realized for quantum metrology, lithography, quantum logic gates, and other entangling circuits. However, these demonstrations have relied on large-scale (bulk) optical elements bolted to large optical tables, thereby making them inherently unscalable and confining them to the research laboratory. In addition, many have required the design of sophisticated interferometers to achieve the sub-wavelength stability required for reliable operation. In this paper we report the implementation of quantum optic integrated circuits, which not only dramatically reduces the footprint of quantum circuits, but allows unprecedented stability and control of the optical path length; this reveals the possibility for realizing previously unfeasible large scale quantum circuits.
Light is guided in conventional integrated optics using waveguides consisting of a core region and a lower refractive index cladding which are often fabricated on a semiconductor chip. We tailor the core and cladding dimensions and refractive indices, to design waveguides that support only a single transverse mode. To realize Beam-Splitter-like operation needed for optical networks, it is possible to integrate regions of evanescent coupling between two waveguides using a directional coupler. The amount of light coupling from one waveguide into the other can be tuned lithographically by varying the separation between the waveguides and the length of the coupler. Figure 1A shows a schematic of an integrated quantum device composed by a coupler. The structure of the devices is illustrated by the cross-section in Figure 1 .B. They where fabricated on a 4" silicon wafer, a 16 µm layer of thermally grown undoped silica was deposited as a buffer (material I in figure 1B ) to form the lower cladding of the waveguides. A 3.5 µm layer of silica doped with germanium and boron oxides is deposited by flame hydrolysis. This material constitutes the core of the guide and was patterned into 3.5 µm wide waveguides via standard optical lithographic techniques (material II). The 16 µm upper cladding is overgrown by phosphorus and boron doped silica with a refractive index matched to that of the buffer (material III). A final metal layer was lithographically patterned on the top of the devices to provide resistive heaters, metal connections and contact pads. The metal layer on the top of the chip can be used to control the state of the photons sent into the waveguide chip. When a voltage is applied across the pads, current flows through the resistive heater placed on the desired section of the waveguide. The heat generated by the flow is dissipated in the device and locally changes the temperature of the To demonstrate quantum operation of integrated beam splitters we launched single photons into the two input waveguides of a directional coupler with 50:50 coupling ratio. In figure 2A we show the variation of coincidences as a function of the separation between the two photons. The curve clearly shows the expected dip around the zero delay, with a raw visibility of V = 99.5±0.7% this demonstrates the very good behaviour of the integrated chip at the single photon level [2, 3] . Besides single photons operation, Quantum Information requires universal two qubit gates, like the CNOT gate. We integrated into an optical circuit the scheme proposed by Ralph and colleagues [4, 5] , schematically shown in Figure 1C . To perform measurements on the CNOT gate, we measured the output outcomes for each of the input states in the computational basis. The measured truthtable (figure 2B) shows a high similarity (98.5%) when the input C photon is in the waveguide C 0 , this relies only on the quality of the classical interference in the target section of the circuit. This highlights the great advantage of using an integrated optical circuit; highly stable circuits can be developed with precisely controlled optical paths lengths and optical split ratios. For the integrated CNOT gate we obtained and average local fidelity of F=96.9±0.1%, which is now limited by imperfect coupling ratios.
The ability to actively prepare and measure arbitrary single qubit states is key for the successful implementation of many quantum information systems. Manipulation of a dual rail-encoded qubits-a single photon in an arbitrary superposition of two optical channels-requires control of the relative phase and amplitude between the two optical paths. It is simple to demonstrate arbitrary single qubit operations by using Hadamard gates H (equivalent to a 50:50 coupler) and phase shifters. We designed and measured integrated waveguide Mach-Zhender interferometers, composed by two Hadamard operations and a phase controller. This device contains all the components for arbitrary one-qubit unitary operations, including state preparation and measurement. We report in figure 2C the interference pattern of single photons detected at the two outputs of the circuit when a single photons are launched into input a. As the phase of one waveguide is changed by applying a voltage across the resistive heater, the probability of detecting photons at the outputs varies sinusoidally. Such demonstration of "classical" interference at the single photon level demonstrates the accuracy with which single qubits can be controlled.
To conclude, the demonstration of stable and accurate phase control within integrated quantum circuits is fundamental step for further miniaturization and progression of photonic quantum circuits. Controlling the phase of single qubits together with inherently stable interferometers provides all the means necessary to fully manipulate the state of single qubits, allowing completely arbitrary single qubit state preparation and two-photon entangling gates. The ability to accurately control single photon states, and generate entangled states on-chip opens the way to accurate manipulation of more general quantum states of light, for quantum information and quantum metrology [6] . Together with the demonstration of integrated multi-qubit quantum gates, integrated phase control of photons will ultimately lead to the development of adaptive integrated quantum optical circuits used for reconfigurable, multipurpose quantum devices.
